Mechanism of malic enzyme from pigeon liver. Magnetic resonance and kinetic studies of the role of Mn2+.
As determined by EPR, malic enzyme from pigeon liver binds Mn2+ with a half-site stoichiometry of two tight binding sites (KD=6 to 10 mum) per enzyme tetramer and at two to four weak binding sites (KD=0.43 to 1.34 mM). The activation of malic enzyme by Mn2+ at high levels of L-malate shows biphasic kinetics yielding two activator constants for Mn2+. The dissociation constants of Mn2+ for both classes of sites are of the same order as the kinetically determined activator constants of Mn2+, indicating active site binding at both classes of binding sites. The binding of Mn2+ to the tight sites enhances the paramagnetic effect of Mn2+ on 1/T1 of water protons by a factor (epsilon) of 17, while binding at the weak sites yields a smaller epsilon of 11. The coenzymes TPN and TPNH have no effects on epsilon, while the carboxylic acid substrates L-malate and pyruvate and the inhibitors D-malate and oxalate significantly decrease epsilon. TPNH causes a 38-fold tightening of binding of the substrate L-malate to the enzyme-Mn2+ complex, consistent with the previously described highly ordered kinetic scheme, but only a 2-fold tightening of binding of the competitive inhibitor D-malate. The dissociation constant of L-malate from the quaternary E-Mn2+-TPNH-L-malate complex (32 muM) agrees with the Km of L-malate (25 muM), indicating active site binding. The dissociation constants of pyruvate from the ternary E-Mn2+-pyruvate complex (12 mM) and from the quaternary E-Mn2+-TPN-pyruvate complex (20 mM) are similar to the Km of pyruvate (5 mM), also indicating active site binding and a less highly ordered kinetic scheme for the reactions of pyruvate than for those of L-malate. Analysis of the frequency dependence of 1/T1 of water protons indicates that two fast exchanging water ligands remain coordinated to Mn2+ in the binary E-Mn2+ complex. The binding of the substrates L-malate and pyruvate and of the transition state analog oxalate to the E-Mn2+ complex decrease the number of fast exchanging water ligands on Mn2+ by approximately 1, but the binding of D-malate has no significant effect on this parameter, indicating the occlusion or replacement of a water ligand of the enzyme-bound Mn2+ by a properly oriented substituent on C-2 of the substrate. Occlusion rather than replacement of a water ligand by pyruvate is established by studies of 1/T1 of 13COO- and 13CO-enriched pyruvate which indicate second sphere Mn2+ to pyruvate distances of 4.6 A (COO-) and 4.8 A (CO) in the ternary enzyme-Mn2+-pyruvate complex. Formation of the quaternary complex with TPN increases these distances by 0.8 A, indicating the participation of a second sphere enzyme-Mn2+-(H2O)-pyruvate complex in catalysis. Thus, malic enzyme, like five other enzymes which utilize metals to polarize carbonyl groups, forms a second sphere complex with its substrate.